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FIG. 1A

Providing an acrosolized mixture of carbon
nanotubes and an electrode active material '\\

S100

\4

Depositing the aerosolized mixture to polymer
granuies supported by porous quartz frits and

subsequently heating the polymer/deposited \
powder composite to form CNT supported selt- S101
standing electrodes embedded in the polymer

Optionally, pressing the seli-standing electrodes \\

5102
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FI1G. 1B

Providing an aerosolized mixture of carbon
nanotubes and an electrode active material \\

5200

v

Depositing the aerosolized mixture to polymer
granules supported by a conveyor belt or a roli-to-

roll system and subsequently heating the \
polymer/deposited powder composite to S201
continuously produce CNT supported self-
standing electrodes embedded in the polymer.

\

Optionally, pressing the self-standing electrodes \\

5202
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FIG. 3
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FIG. 5
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FIG. 8
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FLEXIBLE PACKAGING WITH EMBEDDED
ELECTRODE AND METHOD OF MAKING

Each of the following applications 1s hereby incorporated
herein by reference 1n its entirety: U.S. application Ser. No.
15/665,171 filed Jul. 31, 2017 and entitled *“Self-Standing
Electrodes and Methods for Making Thereof™”; U.S. appli-
cation Ser. No. 16/123,872 filed Sep. 6, 2018 and entitled
“Method for Embedding a Battery Tab Attachment in a
Self-Standing Electrode Without Current Collector or
Binder”; U.S. application Ser. No. 16/123,935 filed Sep. 6,
2018 and entitled “Method for Battery Tab Attachment to a
Self-Standing Electrode”; and U.S. application Ser. No.
16/287,621 filed Feb. 27, 2019 and entitled “Method of
Making Self-Standing Electrodes Supported by Carbon
Nanostructured Filaments”.

BACKGROUND

With recent mtense developments of wearable devices,
healthcare, cosmetics, wearable medical sensors and drug
delivery devices, portable electronics, smart packaging, and
RFID, among other applications, the development of thin,
flexible batteries with high energy density 1s becoming an
essential challenge for providing proper power to the respec-
tive devices.

Depending on the device, the batteries should provide the
potential not only proper for current electronics (V-range),
but also possess energy from uWh up to kWh to cover a
broad range of applications. However, these new applica-
tions, apart from electrical parameters, also require the
batteries to be flexible, thin, stretchable, rollable, bendable,
and foldable, and to cover micro- and large areas. These
features are hard to achieve in typical battery design, where
clectrodes are printed on current collectors, such as metal
foils; and for batteries encapsulated into rigid enclosures,
such as coin, cylindrical or prismatic cells.

Flexible batteries should combine large energy density
with high tolerance for various types of mechanical forces.
Although a battery active material (e.g. L1 metal) 1tself may
possess high energy density (43.1 MJ/kg), the energy den-
sities of corresponding primary and secondary batteries are
in the range of 1.3-1.8 MJ/kg and 0.36-0.87 MJ/kg, respec-
tively. These order of magnitude losses of the specific energy
values are the result of the use of the electrochemically not
active components that necessarily comprise current battery
architecture, such as metal-based current collectors, separa-
tor, electrolyte, binder, conductive additives and packaging.
Therefore, exclusion of any of these components could
enhance the energy density of the battery. Among them
battery-packaging materials or metal foil based current
collectors (e.g. Cu for anodes and Al for cathode) have
highest 1mpacts due to the values of their high specific
densities. In addition, for wearable batteries there 1s a strong
requirement on mechanical flexibility and sustainability
under various stresses that arise because of human activities.

Single-walled carbon nanotubes (SWNTs) as additives 1n
various matrices have become one of the most 1intensively
studied areas for applications, owing to their excellent
clectrical and mechanical properties and high aspect ratio.
Among various applications, the exploitation of SWNTs as
an additive material for performance enhancement of battery
clectrodes 1s very promising. The core of mixing technolo-
gies 1s based on a liquid process and includes five required
steps: a) synthesis of nanotubes, b) dispersion of nanotubes
in the proper solvent (de-aggregation), ¢) functionalization
of the nanotube surfaces (protecting against aggregation), d)
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2

mixing with binder, and ¢) mixing with active material
(preparing slurry). These steps are not only expensive, but
they also degrade nanotube properties; for example, disper-
sion by ball milling, sonication, etc. leads to the nevitable
reduction of aspect ratio and the introduction of defects, and
as a result, more nanotube loading (weight %) 1s required for
improved performance.

SUMMARY

The following presents a simplified summary of one or
more aspects of the present disclosure 1n order to provide a
basic understanding of such aspects. This summary 1s not an
extensive overview of all contemplated aspects and 1is
intended to neither 1dentity key or critical elements of all
aspects nor delineate the scope of any or all aspects. Its
purpose 1s to present some concepts of one or more aspects
in a simplified form as a prelude to the more detailed
description that 1s presented later.

In some embodiments, the present disclosure 1s directed
to a method of producing a wearable and self-standing
clectrode, which comprises acrosolizing an electrode active
maternal to produce an aerosolized electrode active material
powder; blending the aerosolized electrode active material
powder with carbon nanotubes in a carrier gas to form a
mixture of carbon nanotubes and the aerosolized electrode
active material powder; depositing the mixture on a surface
of polymer particles or another suitable form of polymer;
and heating the mixture and the polymer to a temperature
near the melting point of the polymer to form a wearable and
self-standing electrode composite; wherein the polymer 1s
selected from battery packaging materials.

In some embodiments, the present disclosure 1s directed
to a method of continuously producing a wearable and
self-standing electrode, which comprises providing an aero-
solized mixture of carbon nanotubes and an electrode active
material powder; providing a layer of polymer particles, or
another suitable form of polymer, supported by a porous
substrate; depositing the aerosolized mixture towards the
surface of the polymer particles; and heating the aecrosolized
mixture and the polymer particles to a temperature near the
melting pomnt of the polymer to form a wearable and
self-standing electrode composite; wherein the polymer 1s
selected from battery packaging materials; and wherein the
polymer particles and porous substrate are continuously
moving.

Depending on the type of polymer used, treating the
mixture and the polymer can supplant or be concurrent with
heating, as various seli-curing, light-curing, or chemical-
curing polymers are known in the art. These and other

aspects of the invention will become more fully understood
upon a review of the detailed description, which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, together with the specifi-
cation, illustrate exemplary embodiments, and, together with
the description, serve to explain the principles of these
embodiments.

FIG. 1A 1s a schematic block diagram illustrating an
exemplary method of making CNT supported self-standing
clectrodes embedded 1n the polymer based packaging mate-
rials according to an embodiment of the present disclosure.

FIG. 1B 1s a schematic block diagram illustrating an
exemplary method of continuously making CNT supported
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self-standing electrodes embedded in the polymer based
packaging materials according to an embodiment of the
present disclosure.

FIG. 2 1s a flow diagram 1illustrating an exemplary appa-
ratus for making a self-standing electrode according to an
embodiment of the present disclosure.

FIG. 3 1s a schematic view 1llustrating a vessel according
to an embodiment of the present disclosure.

FIG. 4 1s a flow diagram illustrating an exemplary appa-
ratus for making a self-standing electrode according to an
embodiment of the present disclosure.

FIG. § 1s a schematic view of an apparatus according to
an embodiment of the present disclosure.

FIG. 6A 1s a schematic view of an apparatus of making
CNT supported seli-standing electrodes embedded in the
polymer based packaging materials according to an embodi-
ment of the present disclosure.

FIG. 6B 1s an 1nset view of aerosolized CNT and electrode
active materials deposited on the polymer granules or par-
ticles 1n FIG. 6A and heating process for making the
clectrodes.

FIG. 7A 1s a schematic view of an apparatus of continu-
ously making CNT supported seli-standing electrodes
embedded 1n the polymer based packaging materials accord-
ing to an embodiment of the present disclosure.

FIG. 7B 1s an 1inset view of aerosolized CNT and electrode
active materials deposited on the polymer granules or par-
ticles in FIG. 7A and heating process for making the
clectrodes.

FIG. 8 shows a schematic view of single-cell configura-
tion of batteries according to some aspects of the present
disclosure.

DETAILED DESCRIPTION

The present disclosure provides a continuous production
method for carbon nanotube (“CN'T”") supported, self-stand-
ing electrodes, which are embedded 1n the polymer based
packaging materials. The CNT supported, self-standing
clectrodes comprise electrode active materials in a network
of nanotubes. For example, the network of nanotubes can be
an overlaid nanotube network, an interlinked nanotube net-
work, a cross-linked nanotube network, a three-dimensional
network, or combinations thereof. Non-limiting examples of
methods for production of self-standing electrodes are
described 1in U.S. patent application Ser. Nos. 15/665,171
and 16/287,621, which are incorporated herein by reference
in their entirety. Also provided heremn are seli-standing

clectrodes for Li-ion batteries comprising a mixture of
nanotubes and electrode active materials and batteries com-
prising various configurations of the electrodes.

In an embodiment, a seli-standing electrode 1s prepared
by providing an aerosolized mixture of carbon nanotubes
and electrode active materials, and directing the aerosolized
mixture to the surface of polymer particles (e.g. polymer
flakes, pellets, granules, beads, fabric, or fibers), which are
suitable for making battery packaging materials and are
supported by a porous substrate. Subsequently, the mixture
of CNT/electrode active material/packaging polymer 1is
heated to the temperature close to the melting point of the
polymer, which then forms a flexible solid body, to form
CNT supported seli-standing electrodes embedded 1n the
polymer based battery packaging matenals. Instead of or in
addition to heating, treating the mixture by any means
known 1n the art, to convert the polymer to a flexible solid
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4

body, can be provided to form CNT supported self-standing
clectrodes embedded 1n the polymer based battery packag-
ing materials.

In some embodiments, the present disclosure 1s directed
to a method of producing a carbon nanotube supported,
self-standing electrode, the method comprising: aerosolizing
an electrode active material to produce an aerosolized elec-
trode active material powder; contacting the aerosolized
clectrode active material powder with single-walled (or
multi-walled) carbon nanotubes in a carrier gas to form a
mixture of the carbon nanotubes and the aerosolized elec-
trode active material powder; depositing the mixture on
polymer particles (or other suitable form of polymer), which
are attached on a conveyor belt or a roll-to-roll system; and
removing the carrier gas and heating the mixture of CNT/
clectrode active matenal/polymer to the temperature close to
the melting point of the polymer, which then forms a flexible
solid body, to continuously form the CNT supported seli-
standing electrode material that 1s a composite of single-
walled (or multi-walled) carbon nanotubes and the electrode
active material embedded in the polymer based battery
packaging materials. In place of or 1n addition to heating,
treating the mixture by any means known 1in the art, to
convert the polymer to a tlexible solid body, can be provided
to form CNT supported seli-standing electrodes embedded
in the polymer based battery packaging materials. The
polymer particles, granules, or sheets can be a bed of
polymer particles, granules, or sheets with a first and second
side.

According to some aspects, a self-standing electrode 1s
prepared by providing an aerosolized mixture of carbon
nanotubes and electrode active materials, directing the aero-
solized mixture to a collecting surface, depositing the mix-
ture on the collecting surface, and subsequently depositing
polymer particles, granules, polymer film or other suitable
polymer form, upon the mixture. The mixture and the
polymer particles or film are heated to the temperature close
to the melting point of the polymer, which then forms a
flexible solid body, to form carbon nanotube supported
self-standing electrodes embedded in the polymer based
battery packaging maternials. In place of or in addition to
heating, treating the mixture and polymer by any means
known 1n the art, to convert the polymer to a flexible solid
body, can be provided to form CNT supported self-standing
clectrodes embedded 1n the polymer based battery packag-
ing materials.

In contrast to dispersion by ball milling, somication, and
other harsh methods, for example, the embodiments dis-
closed herein can provide nanotubes or nanofibers without
inevitable reduction of aspect ratio, imtroduction of defects,
surface contamination, or degradation of nanotube or nano-
fiber properties. According to some aspects, the lack of
significant reduction of aspect ratio, introduction of defects,
or degradation provides improved properties (e.g. conduc-
tivity, density, flexibility, self-standing) of electrodes or
batteries. These aspects, 1n sum with the other embodiments
disclosed herein, demonstrate that the steps within the
presently disclosed methods can be performed 1n various
orders with various configurations, and the formation of
CNT supported self-standing electrodes embedded 1n the
polymer based battery packaging can be achieved. Accord-
ing to some aspects, the methods disclosed herein can
comprise steps.

According to some aspects, a method of making an
embedded electrode 1s provided herein, the method com-
prising: providing a seli-standing electrode comprising an
active electrode material distributed throughout an overlaid
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and optionally interlinked or crosslinked nanotube network,
the self-standing electrode includes a first side and a second
side; applying a polymeric material to the first side of the
self-standing electrode; and treating the polymeric material
to form a solid body with a portion of the seli-standing
clectrode embedded therein. The method can comprise poly-
meric material comprising polymeric particles, granules or
any other form of polymer suitable 1n the art. The method
can be, 1n some embodiments, wherein the step of applying
the polymeric material to the first side of the self-standing
clectrode comprises: fluidizing the polymeric particles 1n a
carrier gas; and directing the fluidized mixture of polymeric
particles and carrier gas to the first side of the self-standing,
clectrode, wherein the carrier gas flows through the seli-
standing electrode and the polymeric particles are deposited
on the first side of the self-standing electrode. Optionally a
polymer sheet, fabric, film, net, or composite can be depos-
ited on the first side of the seli-standing electrode nstead of
polymeric particles, with or without the carrier gas.

The present disclosure 1s not limited to utilization of
gas-phase aerosols, suspensions, or dry dispersions. Any
method of depositing or directing can be used. In some

embodiments, the present disclosure can utilize a liquid
dispersion method, in some non-limiting examples as
described 1n U.S. patent application Ser. No. 16/287,621, to
provide an aerosolized mixture of carbon nanotubes and
clectrode active matenals. Further non-limiting examples of
suspending, acrosolizing, depositing, or directing are known
in the art such as electrostatic methods, sonic or vibration
methods, fluid bed methods, gravity feed, or pressurized
dry-spray methods. As used herein, the terms “aerosol” and
“acrosolized” refer to a fluidized solid and comprise a
suspension of a solid 1n a liquid or a suspension of a solid
in a gas as needed but do not limit the present disclosure 1f,
for example, an electrostatic method or gravity feed method
of depositing or directing 1s utilized. Further, non-limiting
examples of making self-standing electrodes are described
in U.S. patent application Ser. No. 15/665,171. In some
embodiments, the self-standing electrode can be pre-manu-
factured and overlaid or laminated with a suitable polymer
film, sheet, fabric, blanket, net, or composite and subse-
quently treated to form CNT supported self-standing elec-
trodes embedded 1 the polymer based battery packaging
materials, or the pre-manufactured self-standing electrode
can be overlaid on a suitable polymer followed by treating.

It 1s to be understood that as used herein, “heating” 1s
non-limiting and can comprise treating the mixture of CNT/
clectrode active material/polymer by any method known 1n
the art to form the CNT supported self-standing electrode
material that 1s a composite of carbon nanotubes and the
clectrode active material embedded 1n the polymer based
battery packaging materials. After heating or treating or a
combination of both, the polymer forms a flexible solid
body. Some non-limiting examples of treating are chemical
treatment, electromagnetic waves (for example UV lLight),
and waiting for a period of time. As used herein, the term
“melt” comprises a polymer form transition to a polymer
flexible solid body and does not necessitate heat. For
example, a self-curing polymer that does not require heat to
form a flexible solid body can be used in the present
disclosure. The present disclosure 1s not limited by the type
or form of polymer used. As used herein, the term “polymer
particles” refers to polymer fibers, pellets, tlakes, granules,
beads, fabrics, sheets, or any polymer form suitable for the
present disclosure; various forms of polymer as used herein
may form a bed of particles, fibers, pellets, flakes, granules,
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beads, fabrics, sheets; the bed comprising a first side and a
second side. As used herein, the term “solid body” refers to
a flexible polymer.

As used herein, “electrode active material” refers to the
conductive material 1n an electrode, which may be provided
in a powder form. The term “electrode” refers to an electrical
conductor where 10ns and electrons are exchanged with an
clectrolyte and an outer circuit. “Positive electrode” and
“cathode” are used synonymously 1n the present description
and refer to the electrode having the higher electrode poten-
tial 1n an electrochemical cell (1.e. higher than the negative
clectrode). “Negative electrode” and “anode” are used syn-
onymously in the present description and refer to the elec-
trode having the lower electrode potential 1 an electro-
chemical cell (1.e. lower than the positive electrode).
Cathodic reduction refers to a gain of electron(s) of a
chemical species, and anodic oxidation refers to the loss of
clectron(s) of a chemical species.

In a non-limiting example as shown 1n FIG. 1A, CNT
supported self-standing electrodes for Li-ion batteries are
prepared by providing an aerosolized mixture of carbon
nanotubes and electrode active matenials at step S100, and
directing the aerosolized mixture to polymer particles sup-
ported by porous quartz irit at step S101. Subsequently,
heating the aerosolized mixture and polymer particles to
melt the polymer to form a composite seli-standing elec-
trode of a desired thickness. Optionally, the self-standing
clectrode can be ftreated at step S102 to, for example,
increase the density of the self-standing electrode. The
seli-standing electrode 1s CN'T supported, flexible, and can
optionally be cut to the desired dimensions of a battery
clectrode. The seli-standing electrode 1s optionally free of
binder and optionally can be used without a metal-based
current collector (typically alumina or copper depending on
the electrode type). According to some aspects, the sell-
standing electrode can be used without a metal-based current
collector and with a battery tab for various applications.
Non-limiting examples of methods to embed battery tab
attachments are described 1n U.S. patent application Ser. No.
16/123,8°72. Non-limiting examples of methods to attach
battery tab attachments to a self-standing electrode are
described 1n U.S. patent application Ser. No. 16/123,935. In
some embodiments, the carbon nanotubes can perform the
function of a metal-based current collector, eliminating the
need for a metal-based current collector.

In another example as shown 1n FIG. 1B, CNT supported
seli-standing electrodes for Li-1on batteries are prepared by
providing an aerosolized mixture of carbon nanotubes and
clectrode active materials at step S200, and subsequently
depositing the aerosolized mixture to polymer particles or
granules attached on a conveyor belt or a roll-to-roll system
at step S201. Subsequently, the mixture of CNT/electrode
active material/packaging polymer 1s heated to the tempera-
ture close to the melting point of the polymer to continu-
ously produce a composite self-standing electrode of a
desired thickness embedded in the polymer based battery
packaging materials. Optionally, the self-standing electrode
can be treated at step S202 to, for example, increase the
density of the seli-standing electrode. The self-standing
clectrode 1s CN'T supported, flexible, and can optionally be
cut to the desired dimensions of a battery electrode. The
self-standing electrode 1s optionally free of binder and
optionally can be used without a metal-based current col-
lector (typically alumina or copper depending on the elec-
trode type). In some embodiments, use without a metal-
based current collector can comprise the use of a battery tab.
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According to some aspects, the carbon nanotubes can per-
form the function of a metal-based current collector.

The apparatus for providing the aerosolized mixture of
carbon nanotubes and electrode active materials 1s not
limited 1n any way. In an illustrative example as shown 1n
FIG. 2, an apparatus 5 for the production of seli-standing
clectrodes 1s provided. The carbon nanotubes and the elec-
trode active materials are added to a vessel 10. The carbon
nanotubes and the electrode active materials may be 1ndi-
vidually collected from their respective manufacturing pro-
cesses and directly or indirectly itroduced from such pro-
cesses 1nto the vessel 10 at a desired ratio for the seli-
standing electrodes. One or more carrier gases 20 may then
be mtroduced to the vessel 10 to aerosolize the mixture of
the nanotubes and electrode active matenals. The resulting
mixed aerosolized stream 30 comprising the nanotubes and
the electrode active materials entrained 1n the carrier gas 1s
directed to polymer particles supported by a porous substrate
40, such as a filter or porous quartz irit. The carrier gas
passes through the porous substrate 40 as gas stream 30
while the mixture of the nanotubes and the electrode active
material 1s captured on the surface of polymer particles,
which are suitable for battery packaging. The mixture con-
taining CN'T/electrode active material/packaging polymer 1s
heated to the temperature close to the melting point of the
polymer to produce the CNT supported self-standing elec-
trode embedded 1n the melted polymer 60. The seli-standing,
clectrode 60 can be removed from the porous substrate 40
when 1t reaches the desired thickness.

Optionally, the apparatus 5 may include a plurality of
porous substrates 40, 41 to allow for the continuous pro-
duction of CNT supported self-standing electrodes 60, 61
embedded 1n packaging polymer. Although only two porous
substrates are shown, 1t 1s to be understood that any number
of porous substrates may be included in the apparatus 5. In
a non-limiting example, when the tlow of the mixed aero-
solized stream 30 across the porous substrate 40 produces
the selif-standing electrode 60 of the desired thickness, a
valve 33 may be adjusted to transier the flow of the mixed
acrosolized stream 30 to a second porous substrate 41. The
self-standing electrode 60 embedded 1n packaging polymer
may be removed from the first porous substrate 40 during
formation of the self-standing electrode 61 on the porous
substrate 41. When the flow of the mixed aerosolized stream
30 across the second porous substrate 41 produces the
self-standing electrode 61 of a desired thickness, the valve
33 may be adjusted to transfer the flow of the mixed
acrosolized stream 30 back to the first porous substrate 40.
The thickness and/or cross-sectional area of the self-stand-
ing electrode 61 may be the same, or different, than the
cross-sectional area of the seli-standing electrode 60. For
example, the self-standing electrode 61 may have a greater
thickness and/or cross-sectional area than the self-standing
clectrode 60.

It 1s to be understood that a variety of different methods
may be used for automatically switching the valve 33 to
redirect the flow of the mixed aerosolized stream 30 from
one porous substrate to the other. Illustrative examples of
systems that may be used to adjust the valve 33 to redirect
the flow of the mixed aerosolized stream 30 include one or
more sensors for detecting the thickness of the self-standing,
clectrodes 60 and 61, one or more pressure sensors for
monitoring a pressure drop across the porous substrates 40
and 41 that corresponds to a desired thickness of the
seli-standing electrodes 60 and 61, a timer that switches the
valve 33 after a set time corresponding to a desired thickness
of the self-standing electrodes 60 and 61 for a given tlow
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rate of the mixed aerosolized stream 30, and any combina-
tion thereof; after the one or more pressure sensors measures
a pressure drop associated with the desired thickness of the
self-standing electrode 60 or 61 on porous substrate 40 or
41, or after the one or more thickness sensors detect the
desired thickness of the self-standing electrode 60 or 61 on
porous substrate 40 or 41, or after the timer measures the set
time corresponding to the desired thickness of self-standing
clectrode 60 or 61 on porous substrate 40 or 41, the mixture
1s redirected from one porous substrate to the other. It 1s also
to be understood that the porous substrates 40 and/or 41 may
have a cross-sectional area that matches the desired cross-
sectional area required for use 1n the battery cell to be made
with the seli-standing electrode 60 and/or 61. Accordingly,
the seli-standing electrodes 60 and/or 61 would require no
further processing of the cross-sectional area, such as cut-
ting, before assembly 1n the final battery cell. Notably, the
porous substrates 40 and 41 are covered with battery pack-
aging polymer particles and, after heating treatment, the
resulting seli-standing electrodes 60 and 61 are embedded in
the packaging polymers.

It 1s to be understood that the configuration of the vessel
10 1s not intended to be limited 1n any way. In an 1llustrative
example as shown i FIG. 3, the vessel 10 may be a
pneumatic powder feeder, such as a ventur1 feeder that
includes a hopper 11 for recerving the nanotubes and the
clectrode active material therein. The vessel 10 may also
include a rotary valve 12 that feeds the nanotubes and the
clectrode active material into contact with the carrier gas 20
that 1s introduced to the vessel 10 to form the mixed
aerosolized stream 30.

As shown 1n FIG. 4, the nanotubes and the electrode
active material may be individually aerosolized before mix-
ing. For example, the nanotubes may be provided in the
vessel 10A and the electrode active material may be pro-
vided in the vessel 10B. One or more carrier gases 20A may
be introduced to the vessel 10A to aerosolize the nanotubes,
and one or more carrier gases 208 may be introduced to the
vessel 10B to aerosolize the electrode active materials. An
acrosolized stream 25A comprises the nanotubes entrained
in the carrier gas 20A introduced to the vessel 10A, and an
acrosolized stream 23B comprises the electrode active mate-
rials entrained 1n the carrier gas 20B ntroduced to the vessel
10B. The aerosolized stream 25A 1s mixed with the aero-
solized stream 25B at junction/mixer 27. The junction/mixer
27 may have any configuration capable of combining the
aerosolized stream 25A and the aerosolized stream 25B mto
the mixed aerosolized stream 30 that comprises a mixture of
the nanotubes and the electrode active materials entrained in
the carrier gases. The mixed aerosolized stream 30 1s
directed to the porous substrate 40, which 1s covered by the
packaging polymer particles. The carrier gas passes through
the porous substrate 40 as gas stream 50 while the mixture
of the nanotubes and the electrode active material 1s cap-
tured on the surface of the polymer particles. The mixture of
CNT/electrode active matenal/packaging polymer sup-
ported by porous substrate 40 1s heated to the temperature
close to the melting point of the polymer to produce the
seli-standing electrodes 60 embedded 1n the melt polymer.
The self-standing electrode 60 along with the embedded
polymer can be removed from the porous substrate 40 when
it reaches the desired thickness. The carrier gases 20A and
20B may be the same, or different, and may be introduced
at the same or different tlow rates. For example, the tlow
rates of the carrier gases 20A and 20B may be tailored to
teed the nanotubes and the electrode active material to the
junction/mixer 27 at the imndividual flow rates necessary to
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achieve the desired ratio of nanotubes to electrode active
material 1n the resulting seli-standing electrode 60. Although
not shown, it 1s to be understood that more than one porous

substrate 40 may be provided as described with respect to
FIG. 2.

As shown 1n FIG. 5, the nanotubes may be provided 1n an
acrosolized stream 25A directly from the vessel 10A that 1s
configured as a nanotube synthesis reactor for mixing with
an aerosolized stream 25B of the electrode active material
from the source 106. Accordingly, the aerosolized stream
25A may be a product stream exiting the nanotube synthesis
reactor. For example, a carbon source or carbon precursor
130 may be mtroduced to the vessel 10A 1n the presence of
one or more carrier gases 20A to form carbon nanotubes.
The aerosolized stream 25A of carbon nanotubes exits the
reactor outlet 175 and travels down a pipe or tube 412 to a
junction 27 where the aerosolized carbon nanotubes are
mixed with the aerosolized stream 23B of the electrode
active materials. Although the pipes forming the junction 27
intersect at a 90 degree angle of intersection ‘a’, other angles
of intersection a may be formed. In a non-limiting example,
the angle of intersection a may be an acute angle that
tacilitates flow of the resulting mixed aerosolized stream 30
from the junction/mixer 27 to polymer particles supported
by the porous substrate 40. Although not shown, it 1s to be
understood that more than one porous substrate 40 (and
collection vessel 170) may be provided as described with
respect to FI1G. 2.

As an alternative to the specific apparatus noted above
where the electrode active material 1s mixed with the nano-
tubes after the nanotubes are formed, the electrode active
material can be mixed 1in situ 1n a fluidized bed reactor or
chamber with the nanotubes as the nanotubes are formed.

Carrier and fluidizing gases suitable for use with the
present disclosure include, but are not limited to, argon,
hydrogen, nitrogen, and combinations thereof. Carrier gases
may be used at any suitable pressure and at any suitable flow
rate to aerosolize the nanotubes and the electrode active
materials and transport the aerosolized mixture of the nano-
tubes and the electrode active materials to the porous
substrate at a suflicient velocity to form the self-standing
electrode on the surface thereol. In some embodiments, the
carrier gas may be argon, hydrogen, helium, or mixtures
thereol. In some embodiments, the carrier gas may comprise
argon at a flow rate of 8350 standard cubic centimeters per
minute (sccm) and hydrogen at a flow rate of 300 sccm.

The polymer particles used in the present disclosure are
not limited and, for example, can comprise polymer {fibers,
pellets, beads, particles, flakes, woven or non-woven poly-
mer fabric, sheets, nets, blankets, or any shape (form) of
polymer suitable to form CN'T supported self-standing elec-
trodes embedded 1n the polymer based battery packaging
materials. As used herein according to some aspects, the
term “form” 1s not the type or chemical composition of
polymer. Various types and chemical compositions of poly-
mers are known 1n the art. The type of nanotubes used 1n the
present disclosure are not limited. As used herein, the terms
“nanotubes” and “carbon nanotubes™ (CNT) are used inter-
changeably and can comprise single-wall or multi-wall
nanotubes or nanofibers. The nanotubes may be entirely
carbon, or they made be substituted, that 1s, have non-carbon
lattice atoms. Carbon nanotubes may be externally deriva-
tized to include one or more functional moieties at a side
and/or an end location. In some aspects, carbon and 1nor-
ganic nanotubes include additional components such as
metals or metalloids, incorporated into the structure of the
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nanotube. In certain aspects, the additional components are
a dopant, a surface coating, or are a combination thereof.

According to some aspects, the nanotubes utilized 1n the
present disclosure may be metallic, semimetallic, or semi-
conducting depending on their chirality. A carbon nano-
tube’s chirality 1s indicated by the double index (n,m), where
n and m are integers that describe the cut and wrapping of
hexagonal graphite when formed into a tubular structure, as
1s well known 1n the art. A nanotube of an (m,n) configu-
ration 1s msulating. A nanotube of an (n,n), or “arm-chair”,
configuration 1s metallic, and hence highly valued for its
clectric and thermal conductivity. Carbon nanotubes may
have diameters ranging from about 0.6 nm for single-wall
carbon nanotubes up to 500 nm or greater for single-wall or
multi-wall nanotubes. The nanotubes may range 1n length
from about 50 nm to about 10 cm or greater. In some
embodiments, the nanotubes can perform the function of a
current collector or a metal-based current collector (typically
alumina or copper depending on the electrode type).

In a non-limiting example, the carbon nanotubes may be
synthesized 1n a reactor or furnace from a carbon source 1n
the presence of a catalyst, at a temperature of about 1000 to
about 1500° C., such as about 1300° C. After synthesis of
carbon nanotubes or nanofibers, according to some aspects,
the methods disclosed herein do not significantly degrade
the aspect ratio or properties of the nanotubes or nanofibers.
As used herein, the term “sigmificantly degrade” means
fragment, reduce the size or length of, bundling, introduce
defects or contamination, or other terms known 1n the art.
For example, methods such as ball milling or sonication of
carbon nanotubes or nanofibers significantly degrade the
nanotubes or nanofibers. Carbon nanotubes describes herein
can comprise nanofibers.

The present disclosure 1s not limited to the type or form
of catalysts used for the production of carbon nanotubes. In
various aspects, the catalyst particles are present as an
aerosol. In some aspects, the catalyst materials are supplied
as nanoparticles, comprising a transition metal, a lanthanide
metal, or an actinide metal. For example, the catalyst may
comprise a Group VI transition metal such as chromium
(Cr), molybdenum (Mo), and tungsten (W), or a Group VIII
transition metal such as iron (Fe), cobalt (Co), nickel (Ni),
ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium
(Os), Indium (Ir), and platinum (Pt). In some aspects, a
combination of two or more metals are used, for example an
iron, nickel, and cobalt mixture or more specifically a 50:50
mixture (by weight) of nickel and cobalt. The catalyst may
comprise a pure metal, a metal oxide, a metal carbide, a
nitrate salt ol a metal, and/or other compounds containing
one or more of the metals described herein. The catalyst may
be added to the reactor at about 0.1 atom % to about 10 atom
%, where atom % indicates the percentage of the number of
catalyst atoms with respect to the total number of atoms 1n
the reactor (catalyst and carbon precursor atoms).

Alternatively or in combination, a catalyst precursor may
be introduced, wherein the catalyst precursor can be con-
verted to an active catalyst under the reactor’s conditions.
The catalyst precursor may comprise one or more transition
metal salts such as a transition metal nitrate, a transition
metal acetate, a transition metal citrate, a transition metal
chloride, a transition metal fluoride, a transition metal bro-
mide, a transition metal 1odide, or hydrates thereof. For
example, the catalyst precursor may be a metallocene, a
metal acetylacetonate, a metal phthalocyanine, a metal por-
phyrin, a metal salt, a metalorganic compound, or a com-
bination thereol. For example, the catalyst precursor may be
a ferrocene, nickelocene, cobaltocene, molybdenocene,




US 11,539,042 B2

11

ruthenocene, 1ron acetyl acetonate, nickel acetylacetonate,
cobalt acetylacetonate, molybdenum acetylacetonate, ruthe-
nium acetylacetonate, iron phthalocyanine, nickel phthalo-
cyanine, cobalt phthalocyanine, iron porphyrin, nickel por-
phyrin, cobalt porphyrin, an iron salt, a nickel salt, cobalt
salt, molybdenum salt, ruthenium salt, or a combination
thereol. The catalyst precursor may comprise a soluble salt
such as Fe(NO;);, N1(NO,), or Co(NO,), dissolved 1n a
liquid such as water. The catalyst precursor may achieve an
intermediate catalyst state in the catalyst particle growth
zone of the reactor, and subsequently become converted to
an active catalyst upon exposure to the nanostructure growth
conditions 1n the nanostructure growth zone of the reactor.
For example, the catalyst precursor may be a transition metal
salt that 1s converted i1nto a transition metal oxide 1n the
catalyst particle growth zone, then converted into active
catalytic nanoparticles in the nanostructure growth zone.

The catalyst particles may comprise a transition metal,
such as a d-block transition metal, an f-block transition
metal, or a combination thereof. For example, the catalyst
particles may comprise a d-block transition metal such as an
iron, nickel, cobalt, gold, silver, or a combination thereof.
The catalyst particles may be supported on a catalyst sup-
port. In order to have catalyst particles on a catalyst support,
the catalyst support material may be introduced into the
catalyst material prior to adding the catalyst to the reactor.

The present disclosure 1s not limited to the type of carbon
precursors or carbon sources used to form carbon nanotubes
such as one or more carbon-containing gases, one or more
hydrocarbon solvents, and mixtures thereof. Examples of
carbon precursors include, but are not limited to hydrocar-
bon gases, such as methane, acetylene, and ethylene; alco-
hols, such as ethanol and methanol; benzene; toluene; CO;
and CO,. A fuel for carbon nanotube synthesis and growth
comprises a mixture ol one or more carbon precursors or
carbon sources and one or more catalysts or catalyst pre-
CUrsors.

The fuel or precursor may be injected at a range of about
0.05 to about 1 ml/min, such as about 0.1 ml/min or about
0.3 ml/min, per injector. In some embodiments, more than
one 1injector may be used, for example at large scale. The gas
flow rate may be about 0.1 to about 5 L/min of hydrogen
and/or about 0.2 to about 2 L/min helium or argon, such as
about 5 L/min hydrogen, or 0.3 L/min hydrogen and about
1 L/min argon. Without wishing to be bound to any particu-
lar theory, helium or argon may be included 1n the carrier gas
to dilute the hydrogen concentration, for example to keep the
hydrogen concentration below the explosive limit. Selection
of a fuel 1njection rate and/or a gas flow rate may depend, for
example, on the reactor volume, as will be apparent to those
of ordinary skill in the art. In some embodiments, more than
one reactor may be used in conjunction. In some embodi-
ments, the reactor temperature profile consists of a starting,
low temperature, an increase to a peak or a maximum, and
then a decrease, preferably to the starting low temperature.
Without wishing to be bound by any particular theory, for a
grven reactor temperature profile, the injector position inside
the reactor should be correlated with the precursor tempera-
ture so that the precursor evaporates from the point of
injection, without droplet formation or decomposition, as
can be determined by those of ordinary skill in the art,
considering for example the boiling point and decomposi-
tion. In some embodiments, the mjector tip may be mserted
into the reactor, for example, by about 8 inches. The
injection temperature, at the tip of the mjector, may depend
on the reactor or furnace temperature and upon the depth of
insertion of the ijector into the reactor or furnace. In some
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embodiments, the imjection temperature at the tip of the
injector 1s about 750° C. In some embodiments, the injector
tip 1s mserted about 8 inches 1nside the reactor. The carbon
nanotube reactor may be run for any suitable length of time
to obtain the product composition and thickness desired, as
can be determined by those of ordinary skill 1n the art, for
example as long as there are starting materials.

Collecting the mixture of carbon nanotubes and aero-
solized electrode active material powder on a surface and
removing the carrier gas may be carried out by any suitable
means. The collecting surface of the porous substrate 40, 41
may be a porous surface. The porous substrate used 1n the
present disclosure 1s not limited and, for example, can be a
porous metal, a porous polymer, a filter, or a irit, where the
pores are appropriately sized to retain the mixture of carbon
nanotubes and the electrode active material thereon to form
the self-standing electrode while permitting passage of the
carrier and flmdizing gases. In some embodiments, for
example wherein the aerosolized mixture of carbon nano-
tubes and electrode active materials 1s directed to a collect-
ing surface, the collecting surface can be non-porous. In
some embodiments, the polymer particles can comprise a
woven or non-woven porous sheet, net, or blanket where the
pores are appropriately sized to retain the mixture of carbon
nanotubes and the electrode active material. In some
embodiments, the porous polymer sheet or porous blanket
polymer can be used without another porous substrate,
wherein the porous polymer sheet, net, or porous blanket
retains the mixture of carbon nanotubes and the electrode
active material. Thus, according to some aspects, the mix-
ture of carbon nanotubes and aerosolized electrode active
material powder can be collected on a non-woven or woven
porous sheet, net, or blanket of a polymer. The carrier and
fluidizing gases may be removed after passing through the
surface and by way of an outlet. In some embodiments,
removal of the carrier gas may be facilitated by a vacuum
source. With respect to filters, the filters may be in the form
of a sheet and may comprise a variety of different materials
including woven and non-woven fabrics. Illustrative filter
materials include, but are not limited to, cotton, polyolefins,
nylons, acrylics, polyesters, fiberglass, and polytetrafluoro-
cthylene (PTFE). In some embodiments, the filter matenals
can be a polymer suitable to form CNT supported seli-
standing electrodes embedded 1n the polymer based battery
packaging materials. To the extent the porous substrate 1s
sensitive to high temperatures, one or more of the streams
25A, 25B, and 30 may be precooled with dilution gases
comprising a lower temperature and/or by directing one or
more of the streams 25A, 25B and 30 through a heat
exchanger prior to contacting the porous substrate.

In some embodiments, the aerosolizing of the electrode
active material comprises distributing an aerosolizing gas
through a first porous irit and a bed of an electrode active
material, 1n an aerosolizing chamber, to produce the aero-
solized electrode active material powder. The aerosolizing
chamber may be constructed with an appropnately sized
porous material such that gas can pass through to enable
aerosolization but that does not permit the active material to
fall through the pores. The aerosolizing chamber 1s not
limited to any particular configuration. Suitable acrosolizing
gases include, but are not limited to, argon, helium, or
nitrogen. In some embodiments, the acrosolizing gas may be
the same as the carrier gas. The aerosol can comprise a
suspension. In some embodiments disclosed herein, the
aerosol can be a suspension of a solid 1n a gas, a solid 1n a
liquid, or various combinations thereof.
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In some embodiments, the electrode active material 1s
selected from graphite, hard carbon, metal oxides, lithium
metal oxides, and lithium 1ron phosphate. In some embodi-
ments, the electrode active material for the anode may be
graphite or hard carbon. In some embodiments, the electrode
active material for the cathode may be lithium metal oxides
or lithtum 1ron phosphate.

In a non-limiting example, the electrode active material
may be any solid, metal oxide powder that 1s capable of
being aecrosolized. In an illustrative example, the metal oxide
1s a material for use in the cathode of the battery. Non-
limiting examples of metal oxides include oxides of N1, Mn,
Co, Al, Mg, T1 and any mixture thereof. The metal oxide
may be lithiated. In an 1llustrative example, the metal oxide
1s lithium nickel manganese cobalt oxide (LiNiMnCoQO,).
The metal oxide powders can have a particle size defined
within a range between about 1 nanometer and about 100
microns. In a non-limiting example, the metal oxide par-
ticles have an average particle size of about 1 nanometer to
about 10 nanometers.

Metals 1n lithtum metal oxides according to the present
disclosure may include but are not limited to one or more
alkali metals, alkaline earth metals, transition metals, alu-
minum, or post-transition metals, and hydrates thereof. In
some embodiments, the electrode active material 1s lithium
nickel manganese cobalt oxide (LiNiMnCoQO,).

“Alkali metals™ are metals 1n Group I of the periodic table
of the elements, such as lithium, sodium, potassium,
rubidium, cesium, or francium.

“Alkaline earth metals” are metals in Group II of the
periodic table of the elements, such as beryllium, magne-
sium, calcium, strontium, barium, or radium.

“Iransition metals” are metals 1n the d-block of the
periodic table of the elements, including the lanthanide and
actinide series. Transition metals include, but are not limited
to, scandium, titanium, vanadium, chromium, manganese,
iron, cobalt, nickel, copper, zinc, yttrium, zircomum, nio-
bium, molybdenum, technetium, ruthenium, rhodium, pal-
ladium, silver, cadmium, Ilanthanum, cerium, praseo-
dymium, neodymium, promethium, samarium, europium,
gadolinium, terbium, dysprosium, holmium, erbium, thu-
lium, ytterbium, lutetium, hatnium, tantalum, tungsten, rhe-
nium, osmium, iridium, platinum, gold, mercury, actinium,
thorium, protactinium, uranium, neptunium, plutonium,
americium, curium, berkelium, californium, einsteinium,
fermium, mendelevium, nobelium, and lawrencium.

“Post-transition metals” include, but are not limited to,
gallium, indium, tin, thallium, lead, bismuth, or polomium.

In some embodiments, the method further comprises
allowing the mixture of carbon nanotubes and electrode
active material in the carrier gas to flow through one or more
tubes connecting the aerosolizing reactor, the carbon nano-
tube synthesis reactor, and the collection chamber. In some
embodiments, the one or more tubes are at least about 0.5"
O.D. stainless tubing.

The loading or weight % of carbon nanotubes in the
composite seli-standing electrode product 1s based on the
relative amounts of the nanotubes (or carbon source used to
form the nanotubes) and the electrode active matenal. It 1s
within the level of ordinary skill 1n the art to determine the
relative starting amounts of carbon source, catalyst/catalyst
precursor, and electrode active material that will afford a
given loading or weight % of carbon nanotubes in the
composite selif-standing electrode product. In a non-limiting
example, the seli-standing electrode may comprise from
0.1% to 4% by weight carbon nanotubes, and the balance the
clectrode active material and optionally one or more addi-
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tives. Optionally, the seli-standing electrode may comprise
from 0.2% to 3% by weight carbon nanotubes, and the
balance the electrode active material and optionally one or
more additives. Optionally, the self-standing electrode may
comprise from 0.75% to 2% by weight carbon nanotubes,
and the balance the electrode active material and optionally
one or more additives. Additives and/or dopants may be
present for each range in an amount of 0 to 3% by weight.
In a non-limiting example, the seli-standing electrode con-
sists essentially of the carbon nanotubes and the electrode
active material powder. In a non-limiting example, the
self-standing electrode consists of the carbon nanotubes and
the electrode active material powder. For each of the ranges,
the self-standing electrode may be free of any binders. The
lack of a binder results in a seli-standing electrode with
improved flexibility. Further, 1t has been discovered that a
higher carbon nanotube content increases the flexibility of
the self-standing electrode. Without being bound to any
particular theory, this 1s likely due to the webbed morphol-
ogy of the self-standing electrode in which there 1s a webbed
arrangement ol carbon nanotubes with the electrode active
material contained or embedded within the web.

In a non-limiting example, the self-standing electrode
may comprise a density of 0.9 to 1.75 g/cc. Optionally, the
self-standing electrode may comprise a density of 0.95 to
1.25 g/cc. Optionally, the self-standing electrode may com-
prise a density of 0.75 to 2.0 g/cc. Optionally, the seli-
standing electrode may comprise a density of 0.95 to 1.60
g/Cc.

In a non-limiting example, the self-standing electrode
may comprise a thickness of up to 750 um following
collection on the porous substrate. Optionally, the seli-
standing electrode may comprise a thickness of 50 um to 500
um following collection on the porous substrate. Optionally,
the seli-standing electrode may comprise a thickness of from
100 um to 450 um {following collection on the porous
substrate. Optionally, the self-standing electrode may com-
prise a thickness of from 175 um to 2350 um following
collection on the porous substrate.

In some embodiments, the method of the present disclo-
sure may further comprise treating the composite or seli-
standing electrode, including but not limited to pressing the
composite or seli-standing electrode. Without wishing to be
bound to any particular theory, pressing may increase the
density and/or lower the thickness of the self-standing
clectrode, which may improve such properties as rate per-
formance, energy density, and battery life. Pressing of the
self-standing electrodes may be carried out by applying a
force to achieve a desired thickness and/or density, such as
by using a rolling press or calendaring machine, platen
press, or other suitable means, as will be known to those of
ordinary skill in the art. Any suitable force may be applied,
to achieve a desired thickness, and/or density, and/or 1imped-
ance, such as but not limited to a force of about 1 ton, about
2 tons, about 3 tons, about 4 tons, about 5 tons, about 6 tons,
about 7 tons, about 8 tons, about 9 tons, about 10 tons, about
15 tons, or any integer or range 1n between, such as between
about 7 tons and about 10 tons. In some embodiments,
pressing may be limited to pressing to a thickness of about
20 microns, about 30 microns, about 40 microns, about 50
microns, about 60 microns, about 70 microns, about 80
microns, about 90 microns, about 100 microns, about 150
microns, about 200 microns, about 250 microns, about 300
microns, about 330 microns, about 400 microns, or any
integer or range in between. Without wishing to be bound by
any particular theory, too thick of an electrode may be slow
to produce energy or may not be suitably flexible. In some
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embodiments, 1t may be desirable to obtain an electrode foil
that 1s flexible without formation of oxide or cracks. If the
clectrode 1s too thin, energy production may be rapid but 1t
may be the case that not enough energy 1s produced. In
addition, 1t may be desirable to regulate the distance between
the rolls or rollers 1n a rolling press or calendaring machine,
or between the plates of a platen press, by any suitable
means known to those of ordinary skill in the art.

Determination of a suitable amount of pressing 1s within
the level of ordinary skill in the art. As will be known to
those of ordinary skill 1n the art, excessive pressing may
cause the electrolyte to penetrate the electrode too much, as
determined by measuring impedance and/or resistance to
diffusion. As will be evident to those of ordinary skill in the
art, it may be of interest to minimize the electrolyte diffusion
resistance or coellicient for a given electrolyte, as measured
by 1mpedance. In a non-limiting example, the thickness of
the self-standing electrode following pressing may be from
40% to 75% of the thickness of the untreated seli-standing
clectrode, or the seli-standing electrode following collection
on the porous substrate. Optionally, the thickness of the
seli-standing electrode following pressing may be from 45%
to 60% of the thickness of the untreated self-standing
clectrode, or the seli-standing electrode following collection
on the porous substrate.

In a non-limiting example, the density of the seli-standing,
clectrode following pressing 1s increased by 40% to 125% of
the density of the untreated self-standing electrode, or the
self-standing electrode following collection on the porous
substrate. Optionally, the density of the seli-standing elec-
trode following pressing 1s increased by 45% to 90% of the
density of the untreated self-standing electrode, or the seli-
standing electrode following collection on the porous sub-
strate.

In some embodiments, the present disclosure 1s directed
to an apparatus for producing a seli-standing electrode,
comprising: a single-walled carbon nanotube synthesis reac-
tor which produces single-walled carbon nanotubes; an
aerosolizing reactor configured to aerosolize an electrode
active material into an aerosolized electrode active material
powder and connected to the carbon nanotube synthesis
reactor such that the aerosolized electrode active matenal
powder 1s contacted with the single-walled carbon nano-
tubes 1n a carrier gas to form a mixture of the single-walled
carbon nanotubes and the aerosolized electrode active mate-
rial powder; and a collection chamber having a surface
configured to collect the mixture and remove the carrier gas
so as to form the self-standing electrode material that 1s a
composite of the single-walled carbon nanotubes and the
clectrode active material. In place of or in combination with
single-walled carbon nanotubes, multi-walled carbon nano-
tubes or carbon nanofibers can be produced. All embodi-
ments described for the method apply with equal force to the
apparatus.

The surface may be configured to collect the mixture and
remove the carrier gas by any suitable means. The collecting
surface may be a porous surface, including but not limited
to a filter or a frit, where the pores are appropriately sized to
permit passage of the carrier gas but not the mixture of
carbon nanotubes and electrode active material. The carrier
gas may be removed after passing through the surface and by
way ol an outlet. In some embodiments, removal of the
carrier gas may be facilitated by a vacuum source.

In some embodiments, the acrosolizing reactor comprises
a vertical shaker, one or more gas inlets, one or more outlets,
and a first porous Irit. In some embodiments, the aerosoliz-
ing reactor 1s downstream of the carbon nanotube synthesis
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reactor and upstream of the collection chamber. In some
embodiments, the aerosolizing reactor 1s upstream of the
carbon nanotube synthesis reactor and upstream of the
collection chamber. In some embodiments, the aerosolizing
reactor 1s coincident with the carbon nanotube synthesis
reactor and upstream of the collection chamber.

In some embodiments, the present disclosure 1s directed
to a self-standing electrode, comprising a composite of an
clectrode active material and single-walled carbon nano-
tubes; wherein the seli-standing electrode does not contain
binder material or a metal-based current collector material.

In some embodiments, the self-standing electrode com-
prises a webbed morphology or a net. In some embodiments,
a webbed morphology or a net 1s a webbed arrangement of
a plurality of nanotubes with the electrode active material
contained or embedded within the nanotube web or net. The
seli-standing electrode 1s supported by the webbed arrange-
ment of nanotubes. The use of binder or a metal-based
current collector 1s optional. In some embodiments, the
webbed arrangement ol nanotubes can be a network of
nanotubes or nanofibers, for example, an interlinked net-
work, a cross-linked network, an overlaid network, a three-
dimension network, a partially woven or interlocked net-
work, or various combinations thereof. According to some
aspects, each nanotube in the plurality of nanotubes 1s 1n
contact with one or more other nanotubes in the plurality of
nanotubes. In some embodiments, each point of contact can
comprise a chemical bond, a point of charge transfer, a
cross-link, or combinations thereof.

According to some aspects, a method of making an
embedded electrode 1s provided herein, the method com-
prising: providing a polymeric body that extends from a first
side to a second side; depositing a mixture of nanotubes or
nanofibers and an active electrode material on the first side
of the polymeric body to form a self-standing electrode,
wherein at least a portion of the seli-standing electrode 1s
embedded 1n or penetrates the first side of the polymeric
body and 1s embedded therein. Optionally, the polymeric
body comprises a porous structure. For example, the poly-
meric body can comprise one or more layers of a polymer
mesh, polymeric fibers, polymer fabrics, polymer blankets,
polymer sheets, and polymer nets. In some embodiments,
the method comprises fluidizing the mixture of nanotubes or
nanofibers and the active electrode material with a gas or gas
mixture, wherein the gas flows through the polymeric body
when the mixture of nanotubes or nanofibers and the active
clectrode material 1s deposited on the first side of the
polymeric body to form the self-standing electrode. Option-
ally, one or more layers, sheets, or applications of polymeric
material can be applied or secured to the second side of the
polymeric body after forming the self-standing electrode on
the first side of the polymeric body.

According to some aspects, an embedded electrode 1s
provided herein, the embedded electrode comprising: a
polymeric body that includes a first side and a second side;
and a self-standing electrode comprising an active electrode
matenal distributed throughout an interlinked nanotube net-
work, the self-standing electrode 1s positioned on the first
side of the body, and a portion of the self-standing electrode
1s embedded in the polymeric body.

According to some aspects, a battery 1s provided herein,
the battery comprising an anode, which comprises a first
polymeric body that includes a first side and a second side;
and a first self-standing electrode comprising an active
clectrode material distributed throughout an interlinked car-
bon nanotube network, the first self-standing electrode 1s
positioned on the first side of the first polymeric body, and
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a portion of the first seli-standing electrode 1s embedded 1n
the first polymeric body. The battery further comprising a
cathode, which comprises a second polymeric body that
includes a first side and a second side; and a second
seli-standing electrode comprising an active electrode mate-
rial distributed throughout an interlinked nanotube network;
the second seli-standing electrode 1s positioned on the first
side of the second polymeric body, and a portion of the
second self-standing electrode 1s embedded 1n the second
polymeric body.

In some embodiments, a flexible battery 1s disclosed
herein, the battery comprising one or more embedded elec-
trodes disclosed herein; the embedded electrodes not requir-
ing binder or metal-based current collector; the embedded
clectrodes providing enhanced energy density and therein
providing enhanced energy density to the flexible battery;
the battery providing a flexible and wearable power source
for various devices. The methods and embedded electrode
provided herein can, in various configurations, provide a
thin, flexible battery with high energy density, yet the
methods and embedded electrode are not limited by
examples of the various embodiments described herein. The
batteries disclosed herein can be a single electrochemical
cell or comprise multi-electrochemical cells wherein the
polymer based battery packaging materials separate multiple
cells or are utilized as an external packaging. The batteries
disclosed herein can be twistable, stretchable, flexible, thin,
rollable, bendable, and foldable, and configured to cover
micro- and large areas, while taking various shapes for thin,
flexible batteries with high energy density applied to wear-
able devices, cosmetics, wearable medical sensors, drug
delivery devices, portable electronics, smart packaging, and
RFID, among other applications. The self-standing elec-
trodes embedded 1n the polymer based battery packaging
materials enable batteries of various thicknesses, shapes,
flexibilities, conformations, and power densities.

In one embodiment, a method of manufacturing seli-
standing electrodes for Li-1on batteries includes the follow-
ing steps: (1) synthesizing carbon nanotubes using thermal
decomposition of metal catalyst precursor in a tube-like
reactor using hydrocarbon (or COX) as carbon source, thio-
phene and H,, as a nanotube growth promoter, and Ar and/or
helium as a carrier gas; (2) 1n situ mixing of floating carbon
nanotubes with aerosolized battery electrode active matenal
(e.g. LINiMnCoQO, or graphite flakes); (3) deposition of the
mixed aerosolized powder on the porous Irit that consists of
particles of the polymer material suitable for battery pack-
aging; (4) heating the deposited powder film and the poly-
mer Irt at the temperature near the polymer melting tem-
perature; and optionally (5) pressing, casting, cutting and tab
attachment to the resulting electrodes conclude the electrode
preparation (FIGS. 6A, 6B, 7A, 7B, and 8). Continuous
production of self-standing electrodes can be achieved using,
a roll-to-roll system or a simple conveyor belt. The resulting
clectrodes for Li-ion battery are embedded in the polymer
based packaging film and are free of metal current collector
(FIG. 7A and FIG. 7B).

In an 1illustrative example as shown in FIGS. 5 and 6A,
battery electrode active matenal, e.g. LiNiMnCoO, or
graphite flakes, 1s aerosolized 1n reactor 10B. One or more
carrier gases 20B are provided into reactor 10B to transport
the aerosolized electrode active material into mixer 27. The
floating carbon nanotubes produced 1n the synthesis reactor
10A using thermal decomposition of metal catalyst precur-
sor 1s also introduced into the mixer 27. In the mixer 27, both
aerosolized CNT and aerosolized electrode active material
are blended. The blended mixture contaimng CNT and
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aerosolized electrode active material 1s introduced 1nto reac-
tor 170 by the carrier gases. In the reactor 170, the blended
mixture 1s deposited on the surface of a layer of polymer
particles, which are supported by a layer of porous quartz
trit. The polymers are suitable for making battery packaging
materials. Once the deposition process 1s finished, the depos-
ited CNT and aerosolized eclectrode active material and
polymer particles are heated at the temperature near the
polymer melting point to form CN'T supported, seltf-standing
clectrode composites, which are embedded 1n or intertwined
with the packaging polymer materials. The heating process
1s 1llustrated 1n FIG. 6B. The CNT supported self-standing
clectrode composite may take the form of single uniform
layer having CN'T/electrode active material embedded 1n the
polymer or the form of multiple layers, e.g. a sandwich
structure having a polymer layer, a layer of CN'1/electrode
active material embedded 1n the polymer, and a layer of
CN'T/electrode active material without polymer. (See FIG.
6B). The electrode composite material can be further treated,
for example, by pressing and casting, to increase the density
of the seli-standing electrode. The seli-standing electrode 1s
CNT supported, flexible, and can be cut to the desired
dimensions of a battery electrode. The self-standing elec-
trode 1s optionally free of binder and optionally can be used
without a metal-based current collector (typically alumina or
copper depending on the electrode type).

In another example, a continuous production of composite
comprising CNT/electrode active materials embedded 1n
polymer can be achieved using a conveyor belt or a roll-to-
roll system (FIG. 7B). The conveyor belt or roll-to-roll
system allows continuous production of CNT supported
seli-standing electrode sheets for Li-ion battery that are
embedded in the polymer based battery packaging film
(FIG. 7A and FIG. 7B). As depicted in FIG. 7A, carbon
nanotubes produced in reactor 10A and aerosolized elec-
trode active matenials, e.g. LINIMnCoQO,, or graphite flakes,
generated 1n reactor 10B are introduced to the mixer 27. The
blended CNT/aerosolized active materials 1n the mixer 27
are directly deposited onto movable polymer particles
attached on the conveyor belt or the roll-to-roll system (FIG.
7B). In one example, a furnace may be attached or coupled
to the conveyor belt or the roll-to-roll system to heat
CN'/active material/polymers composite. Upon heating, the
furnace temperature 1s controlled to be near the melting
point of the polymers and therefore, the mixture of CNT/
clectrode active materials 1s embedded 1n the melted poly-
mer layer to form CNT supported, seli-standing electrode
composite. The CNT supported seli-standing electrode com-
posite may take the form of single uniform layer having
CN'T/electrode active material embedded in the polymer or
the form of multiple layers, e.g. a sandwich structure having
a polymer layer, a layer of CN'l/electrode active material
embedded in the polymer, and a layer of CNT/electrode
active material without the polymer. (See FIG. 7B). The
clectrode composite materials can be further treated, for
example, by pressing and casting, to increase the density of
the seli-standing electrode. The self-standing electrode 1s
CNT-supported, flexible, and can be cut to the desired
dimensions of a battery electrode. The self-standing elec-
trode 1s optionally free of binder and optionally can be used
without a metal-based current collector (typically alumina or
copper depending on the electrode type).

The movable polymer particles may be rendered movable
by any suitable means known to those of ordinary skill in the
art. In some embodiments, the movable polymer particles
may be polymer particles attached to a conveyor belt or a
roll-to-roll system (FIG. 7B). The rate of motion of the
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movable polymer particles may be controllable, such as by
a computer or manually by an operator. Control of the rate
of motion may enable or facilitate control of the thickness of
the composite obtained. Suitable polymer particles provide
surfaces, on which a mixture of electrode active material and
CNT can be deposited. One example of roll-to-roll system 1s
horizontal belt filter system.

In some aspects, the CNT supported self-standing elec-
trodes synthesized according to the present disclosure can be
used to manufacture Li-ion batteries. FIG. 8 delineates a
schematic of a battery having a single cell configuration. In
one example, a first packaging layer 101 1s adjacent to an
anode layer 102, which comprises carbon nanotubes and
graphite. Anode layer 102 1s adjacent to a separator layer
103, which 1s adjacent to a cathode layer 104, which
comprises carbon nanotubes and LiMeOx. Cathode layer
104 1s adjacent to a second packaging layer 101. The anode
layer 102 and/or the cathode layer 104 may be configured to
include a point of attachment for a battery tab 105/106. It 1s
to be understood that a battery tab can be included in
embodiments of the seli-standing electrodes that are used
without a metal-based current collector. According to some
aspects of the present disclosure, the CNT supported seli-
sustaining electrodes are embedded 1n polymer based pack-
aging material, which eliminates the need to have separate
packaging layers 1n a battery, such as layers 101 in FIG. 8.
Therefore, according to the present disclosure, the CNT
supported seli-standing electrodes embedded in polymer
based packaging film are suitable for making wearable and
flexible batteries, wherein the melted packaging polymers
integrated 1n the electrodes provides mechanical flexibility
and sustainability under various stresses that arise because
of human activities. Even further, the separate packaging
layers 101 as shown in FIG. 8 can be removed from the
battery, and the resulting simplified battery can still maintain
the same desirable properties.

While the aspects described herein have been described in
conjunction with the example aspects outlined above, vari-
ous alternatives, modifications, variations, improvements,
and/or substantial equivalents, whether known or that are or
may be presently unforeseen, may become apparent to those
having at least ordinary skill in the art. Accordingly, the
example aspects, as set forth above, are intended to be
illustrative, not limiting. Various changes may be made
without departing from the spirit and scope of the disclosure.
Theretore, the disclosure 1s intended to embrace all known
or later-developed alternatives, modifications, variations,
improvements, and/or substantial equivalents.

Thus, the claims are not intended to be limited to the
aspects shown herein, but are to be accorded the full scope
consistent with the language of the claims, wherein refer-
ence to an element 1n the singular 1s not mtended to mean
“one and only one” unless specifically so stated, but rather
“one or more.” All structural and functional equivalents to
the elements of the various aspects described throughout this
disclosure that are known or later come to be known to those
of ordinary skill in the art are expressly incorporated herein
by reference and are intended to be encompassed by the
claims. Moreover, nothing disclosed herein 1s intended to be
dedicated to the public regardless of whether such disclosure
1s explicitly recited 1n the claims. No claim element is to be
construed as a means plus function unless the element 1s
expressly recited using the phrase “means for.”

As used herein, the terms “nanotube”, “nanofiber”, and
“nanostucture” refers to a structure having at least one
dimension on the nanoscale, that 1s, at least one dimension
between about 0.1 and 100 nm. It should be understood that
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“nanostructures” include, but are not limited to, nanosheets,
nanotubes, nanofibers, nanoparticles, nanospheres, nano-
cubes, and combinations thereof. A nanofiber may comprise
a fiber having a thickness on the nanoscale. A nanotube may
comprise a tube having a diameter on the nanoscale. A
nanoparticle may comprise a particle wherein each spatial
dimension thereof 1s on the nanoscale.

Further, the word “example” 1s used herein to mean
“serving as an example, instance, or 1llustration.” Any aspect
described heremn as “example” 1s not necessarily to be
construed as preferred or advantageous over other aspects.
Unless specifically stated otherwise, the term “some™ refers

to one or more. Combinations such as “at least one of A, B,
or C,” “at least one of A, B, and C,” and “A, B, C, or any

combination thereol” include any combination of A, B,
and/or C, and may include multiples of A, multiples of B, or
multiples of C. Specifically, combinations such as “at least
one of A, B, or C,” ““at least one of A, B, and C.” and “A,
B, C, or any combination thereol” may be A only, B only, C
only, A and B, A and C, B and C, or A and B and C, where
any such combinations may contain one or more member or
members of A, B, or C. Nothing disclosed herein 1s intended
to be dedicated to the public regardless of whether such
disclosure 1s explicitly recited 1n the claims.

Moreover, all references throughout this application, for
example patent documents including 1ssued or granted pat-
ents or equivalents; patent application publications; and
non-patent literature documents or other source material; are
hereby incorporated by reference herein 1n their entireties, as
though individually incorporated by reference.

What 1s claimed 1s:

1. A method of making an embedded electrode, the
method comprising:

providing a bed of polymer particles that extends from a

first side to a second side;

depositing a mixture on the first side of the bed of polymer

particles to form a self-standing electrode, wherein the
mixture comprises:

(a) nanotubes and/or nanofibers, and

(b) an active electrode material, and

treating at least a portion of the polymer particles to form

a tlexible solid body, wherein a portion of the seli-
standing electrode 1s embedded in the flexible solid
body to form an embedded electrode.

2. The method of claim 1, wherein at least a portion of the
seli-standing electrode penetrates the first side of the bed of
polymer particles.

3. The method of claam 1, wherein the self-standing
electrode 1includes a first side and a second side, wherein the
second side of the self-standing electrode 1s embedded 1n the
flexible solid body and the first side of the self-standin
clectrode extends outward from the flexible solid body.

4. The method of claim 3, wherein the self-standing
clectrode comprises the active electrode material distributed
throughout an interlinked nanotube network, and a portion
of the interlinked nanotube network 1s embedded in the
flexible solid body.

5. The method of claim 1, further comprising:

fluidizing the mixture with a gas or gas mixture, wherein

the gas tlows through the bed of polymer particles
when the mixture 1s deposited on the first side of the
bed of polymer particles to form the self-standing
clectrode.

6. The method of claim 1, wherein the mixture includes a
carrier liquid, wherein the liquid flows through the bed of
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polymer particles when the mixture 1s deposited on the first 21. The method of claam 1, wherein the depositing the
side of the bed of polymer particles to form the self-standing ~ mixture does not significantly degrade aspect ratio of the
electrode. nanotubes or nanofibers.

22. A continuous method of making an embedded elec-
side of 5 trode, the method comprising:
continuously providing a bed of polymer particles that
extends from a first side to a second side;

7. The method of claim 1, further comprising:
providing a porous substrate, wherein the second
the bed of polymer particles 1s positioned on the porous

substrate. | o continuously depositing a mixture on the first side of the
8. The method of claim 7, further comprising: bed of polymer particles to form a self-standing elec-
fluidizing the mixture with a gas or gas mixture, wherein trode, wherein the mixture comprises:

the gas flows through the bed of polymer particles and 0 (a) nanotubes and/or nanofibers, and

the porous substrate when the mixture 1s deposited on (b) an active electrode material, and

the first side of the bed of polymer particles to form the continuously treating at least a portion of the polymer

self-standing electrode. par‘[i‘cles to form a ﬂe).{ible solid quy, wherein a
9. The method of claim 7, wherein the mixture includes a . portion of the seli-standing electrode 1s embedded 1n

the flexible solid body to continuously form an embed-

ded electrode.
23. The method of claim 22, wherein at least a portion of
the self-standing electrode penetrates the first side of the bed

carrier liquid, wherein the liquid tflows through the bed of
polymer particles and the porous substrate when the mixture
1s deposited on the first side of the bed of polymer particles

to form the seli-standing electrode.

, : . f polymer particles.
10. The method of claim 1, further comprising;: 50 01 POLy P . . .
densitying the self-standing electrode after forming the 24. The method of claim 22, wherein the second side of

flexible solid body. the bed of polymer particles 1s 1n contact with a conveyor
belt or a roll-to-roll system.

25. The method of claim 22, further comprising continu-
ously providing the nanotubes from a carbon nanotube
synthesis reactor.

26. The method of claim 22, wherein the active electrode
material 1s selected from graphite, hard carbon, lithtum
metal oxides, and lithium 1ron phosphate.

27. The method of claim 26, wherein the active electrode
material comprises graphite.

28. The method of claim 26, wherein the active electrode
material comprises a lithium metal oxide.

29. The method of claim 28, wherein the active electrode
material comprises LiNiMnCoQO.,,

30. The method of claim 25, wherein the nanotubes are
single-walled or multi-walled.

31. The method of claim 22, wherein the embedded
clectrode 1s free of binder or metal-based current collector.

32. The method of claim 22, wherein the continuously
depositing the mixture comprises distributing an aerosoliz-
ing gas through a bed of the active electrode material, 1n an
aerosolizing reactor, to produce an aerosolized active elec-
trode matenial.

11. The method of claim 1, wherein the nanotubes are
carbon nanotubes and further comprising providing the
nanotubes from a carbon nanotube synthesis reactor. 55

12. The method of claim 11, wherein the carbon nano-
tubes are single-walled, multi-walled, or combinations
thereof.

13. The method of claim 1, wherein the active electrode
material 1s selected from graphite, hard carbon, lithium -,
metal oxides, and lithium 1ron phosphate.

14. The method of claim 13, wherein the active electrode
material comprises graphite.

15. The method of claim 13, wherein the active electrode
material comprises a lithium metal oxide. 15
16. The method of claim 15, wherein the active electrode

material comprises LiN1iMnCoO.,,.

17. The method of claim 1, wherein the treating comprises
heating.

18. The method of claim 17, wherein the heating forms a
flexible solid body from the polymer particles.

19. The method of claim 18, wherein the polymer par-
ticles are at least partially melted by the heating.

20. The method of claim 1, wherein the embedded elec-
trode 1s Iree of binder or metal-based current collector. I I
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